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Abstract

®

CrossMark

Superconducting granular aluminum is attracting increasing interest due to its high kinetic
inductance and low dissipation, favoring its use in kinetic inductance particle detectors,

superconducting resonators or quantum bits. We perform switching current measurements on
DC-SQUIDs, obtained by introducing two identical geometric constrictions in granular
aluminum rings of various normal-state resistivities in the range from p, = 250-5550 u£) cm.
The relative high kinetic inductance of the SQUID loop, in the range of tens of nH, leads to a
suppression of the modulation in the measured switching current versus magnetic flux,
accompanied by a distortion towards a triangular shape. We observe a change in the temperature
dependence of the switching current histograms with increasing normal-state film resistivity.
This behavior suggests the onset of a diffusive motion of the superconducting phase across the
constrictions in the two-dimensional washboard potential of the SQUIDs, which could be caused

by a change of the local electromagnetic environment of films with increasing normal-state

resistivities.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Superconductivity in granular aluminum (grAl) films was first
reported by Cohen and Abeles in 1968 [1]. The material
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consists of crystalline nanometer-sized aluminum (Al) grains
embedded in an amorphous aluminum oxide matrix; the
grains form when Al is evaporated in an oxygen (O,)
atmosphere [1, 2]. Granular aluminum was originally studied
due to its increased critical temperature of up to 3 K [2] and
its critical field of more than 3 T [3]. A detailed study on the
origin of the increased critical temperature of grAl was
recently presented by Pracht et al [4]. Transport measure-
ments in the normal state of grAl thin films demonstrated
Kondo-like behavior of the film resistivity [5], and modeling
superconducting grAl as an array of Josephson junctions
showed good agreement with experiments on super-
conducting microwave resonators [6].

© 2019 IOP Publishing Ltd  Printed in the UK
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From an application point of view, grAl is interesting due
to the fact that it can exhibit large kinetic inductance values
and low losses in the microwave domain [7-9]. The sus-
ceptibility of the kinetic inductance to temperature, changes in
the superfluid density, and bias current suggests the use of
grAl elements in kinetic inductance detectors [10, 11] and
tunable microwave resonators [12]. Furthermore, compact
high impedance components are needed for the implementa-
tion of advanced qubit designs [13—15].

Here we present switching current measurements on grAl
DC-SQUIDs (direct current superconducting quantum inter-
ference devices), which can be complementary to radio-fre-
quency (rf) measurements. Unlike rf measurements, which
provide information in a narrow frequency band in the vici-
nity of the eigenmodes of the measured structures, switching
current measurements are sensitive to a broad spectrum of
frequencies. Concretely, the switching dynamics of the mea-
sured SQUIDs can indicate changes at the high end of the
spectrum close to the superconducting gap [16], where it is
difficult to perform accurate rf experiments. As we will show
in section 3, our main result is the observation of a change in
the temperature dependence of the switching current histo-
gram width o,,. For standard Al SQUIDs, o, increases with
temperature, as expected [17], while for high impedance grAl
SQUIDs oy, decreases with temperature. This indicates the
onset of phase diffusion [18-20], which could be linked to
additional damping at frequencies comparable to the plasma
frequency wy, [16].

2. Experimental

2.1. Sample fabrication

The measured micro-SQUIDs consist of a superconducting
loop with an area of 1um?, interrupted by two identical
geometric constrictions with a length / ~ 300 nm and width
w ~ 80nm. An SEM image of a typical sample is shown in
the inset of figure 1. The layout is patterned by electron-beam
lithography into a double layer PMMA resist stack on a
degenerately p-doped Si/SiO, wafer. The grAl and Al films
are deposited by electron beam evaporation at ambient sub-
strate temperature, with thicknesses between 20-30 nm. The
grAl normal-state resistivity is tuned by adjusting the partial
pressure of O, in the chamber. The resulting normal-state
resistivities of the three grAl samples measured at room
temperature are 250, 3200 and 5550 2 cm.

In order to get an estimate of the coherence length £ of
our films, we describe grAl as a superconductor in the dirty
limit [21]. We derive the electron mean free path /g from the
resistivity [1] and use the coherence length & = 1.6 um of
pure Al [22] to calculate the effective coherence length
E~ 0.85@ [16] of our grAl films. The results are listed in
table 1 for the three grAl films, together with the normal-state
resistivity p,, the London penetration depth A and the
plasma frequency wj, of the films. Note that £ approaches the
grain size for the highest resistive samples, which is the limit
for an array of Josephson junctions formed by the Al grains

’V\/\/\/\l
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Figure 1. Switching current modulation of the Al and the grAl
SQUIDs with applied magnetic field. The modulation of grAl A is
offset from zero due to trapped flux. Please note the breaks and
different scales on the y-axis. The inset shows a scanning electron
microscope image of sample grAl B. The scale bar represents a
400 nm length. The design of all samples is identical.

Table 1. Coherence length &, London penetration depth A; and
plasma frequency w, of the presented grAl samples. The coherence
length and penetration depth are derived from the measured
resistivities; £ is obtained using the coherence length of a dirty
superconductor and is only a rough approximation. For large
resistivities, it approaches the grain size. The plasma frequency of a
grAl film similar to sample grAl B was measured in [6], the other
two values are estimated from the results in the same reference.

wp/
Sample  p, (uf2 cm) & (nm) AL (um) 27 (GHz)
grAl A 250 + 20 272+ 1.1 1.11 £ 0.04 300
grAl B 3200 + 400 7.6 £ 0.7 4.0+ 0.2 70
grAl C 5550 + 90 58 +0.1 554+ 0.04 55

and the surrounding aluminum oxide matrix [6]. Moreover,
the coherence length is smaller than the width of the geo-
metric constrictions for all films, which means they do not
form so-called constriction weak links [16], but rather should
be viewed as an array of effective Josephson junctions with
lower critical current compared to the rest of the SQUID loop.
The London penetration depth A of the grAl films, also
derived from the normal-state resistivity of the samples [23],
is on the scale of a few micrometers and much larger than the
width and thickness of the grAl circuit traces, implying a
homogeneous current density.

2.2. Switching current measurements

When biasing a DC-SQUID with a constantly increasing
current, it switches to the resistive state before the critical
current /. is reached. This behavior can be understood as
arising from the motion of a phase particle in the two-
dimensional SQUID potential [24], which is equivalent to the
resistively and capacitively shunted junction model of a single
Josephson junction. As the height of the potential barrier that
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Figure 2. (a) Modulation of the switching current of sample grAl A
measured at different temperatures. Switching events from excited
flux states and the triangular shape of the modulation are only visible
at temperatures below 1.1 K. (b) Loop inductance of the grAl
SQUID. Black dots are extracted from the modulation in (a) and
equation (1), red dots are calculated from equation (2). (c) Screening
factor derived from the data in (b).

separates the metastable states of the phase particle decreases
with increasing bias current, thermal activation (TA) over the
barrier or macroscopic quantum tunneling (MQT) through it
will trigger switching events at bias currents smaller than I..
This stochastic escape results in a distribution of switching
currents I, with defined mean value and standard deviation.
Switching current distributions have already been extensively
studied in various experiments [25-27] and show good
agreement with theoretical descriptions [28, 29] of the escape
of a particle over a bias dependent barrier.

We investigate the magnetic field modulation of the
SQUIDs’ switching currents to assess the influence of the
kinetic inductance in the loop (see figures 1 and 2). To
examine the dynamics of the phase across the junctions in the
SQUID, we present measurements of switching current dis-
tributions at different temperatures, starting from the base
temperature of 20mK of our dilution refrigerator (see
figure 3).

The measurements are controlled by an ADwin Gold II
real-time system. Switching currents are determined by
ramping the current bias until a jump in the measured voltage
is detected. Before repeating the measurement, the system is
allowed to thermalize. The filtering system used in our
experiments was previously presented in the supplementary
material of [30].

3. Results and discussion

3.1. SQUID modulation

We measured the modulation of the switching current as a
function of the magnetic field H, applied perpendicular to the
SQUID plane at 20mK for all samples. The modulation
curves are shown in figure 1. The Al SQUID shows an almost
cosine modulation with a period of approximately 2 mT,
which is in good agreement with the estimated loop area of
1 um?. The cosine modulation is expected for an Al SQUID
with micro-bridge junctions, as the loop inductance is small
compared to the junction inductance and the coherence length
in pure Al thin films is larger than the width and the length of
the constrictions. In this case, the current-phase relation does
not differ too much from the sinusoidal shape in tunnel
junctions [31], resulting in a similar modulation of the
switching current.

In comparison to the Al SQUID, the modulation curves
of the grAl micro-SQUIDs show a pronounced triangular
shape with a much smaller relative modulation depth. The
asymmetric modulation is attributed to non-symmetric cool-
ing after a switching event. For the grAl samples, the defi-
nition of the junction and of the corresponding current-phase
relation is much more subtle. As the coherence length of all
samples (see table 1) is much shorter than the length of the
constrictions, one cannot strictly speak of the constrictions as
Josephson junctions [21]. Instead, the description of grAl as
an effective array of tunnel junctions suggests that the
weakest junction (or junctions) in each constriction dominate
the switching behavior.

For a Josephson junction array with the Josephson
energy dominating over the charging energy, one expects a
sawtooth-like current-phase relation [14, 32]. However, the
influence of the loop inductance Ljo,p alone is sufficient to
explain the triangular shape and the reduced modulation
observed in our experiments [33]. We measure the SQUID
modulation of sample grAl A at different temperatures
between 20 mK and 1.6 K. The results are shown in figure 2.
For SQUIDs with large loop inductance, the slope in the
triangular modulation is determined by the screening factor
BL = I™ Ligop /P [33], where I]™* is the maximum critical
current in the modulation. This directly relates the modulation
depth AL to Gy, [34]:

Al 1
€ — . 1
1+ 0L M

max
[C

For junctions with critical currents in the range of tens of uA
or more, the measured switching currents will be very close to
the critical current. Thus, using the relation in (1), we can
calculate the loop inductance of the SQUID from the mea-
sured curves in figure 2(a) and compare it to the inductance
estimated from the geometry and normal-state sheet resistance
of the SQUID loop. As the geometric inductance [35] of our
SQUIDs is small compared to the kinetic inductance, its
contribution to Ly is neglected. The kinetic inductance of a
ring that consists of Ny, sheets with a sheet resistance R is
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Figure 3. (a) Mean value (I,) of the measured switching current distributions normalized to () measured at 20 mK. Different current sweep
rates were used for each sample: 0.5 mA s~ for Al, 186 mA s~ for grAl A, and 15 A s~ for grAl B and grAl C. (b) Normalized standard
deviation g, corresponding to the measurements in (a). For the Al SQUID g, increases with rising temperature, while oy, decreases for the
high resistivity grAl B and grAl C SQUID. The low resistivity grAl A SQUID shows a crossover behavior. In order to obtain sufficient
statistics on the switching current distributions, at least 3000 measurements are recorded at each temperature.

given by [36]

/iR
Ly = N, -

i A
sq AT tanh ( ), )

2kgT

where A(T) is the superconducting gap parameter at tem-
perature T. Nyq includes the sheets in the constrictions, as they
also contribute to the total inductance of the SQUID loop.
Using the BCS-temperature dependence of the gap [37],
Ngq = 18 £ 1 extracted from a scanning electron microscope
image of the sample, and the measured values of
Ry =83 £6)Qand T, = (2. 2 £ 0.1) K, we can calculate
Ly for all temperatures investigated. In figure 2(b), this value
is compared to Ly, extracted from the relative modulation
depth. We find good agreement between the calculated kinetic
loop inductance and the value extracted from the measured
modulation curves up to 1.1 K, above which the modulation
vanishes. For samples grAl B and C, the uncertainty of the
loop inductance deduced from the modulation is large due to
the wide histogram in comparison to the modulation. Still, the
agreement between the loop inductance and the calculated
kinetic inductance is within one order of magnitude (not
shown).

Switching events below the main modulation are
observed for sample grAl A. In the two-dimensional SQUID
potential, these events are explained by escapes from excited
states, that exist for 5y > 1 [24], which is the case for all of
our samples (for sample grAl A see figure 2 (c), others not
shown). In the experiment, this corresponds to additional flux
quanta trapped in the SQUID ring, resulting in a larger cir-
culating current and therefore lower switching current. For
sample grAl A such switching events are detected only below
900 mK. No switching events from excited states were
observed for samples grAl B and grAl C. This indicates the
existence of two different switching dynamics in the grAl
junctions, which also appear in the measured switching cur-
rent distributions, discussed in the following.

3.2. Switching current distributions

The mean value () and the standard deviation oy, of the
measured switching current distributions as a function of
temperature are shown in figure 3 for all four samples. For
samples with relatively large critical currents (Al, grAl A), the
measured mean switching currents are expected to closely
follow the temperature dependence of the critical current, due
to the large potential barrier in the SQUID potential, which
scales with I.. For a SQUID with a maximum switching
current of about 1 uA (grAl B, C), (L) is expected to deviate
from I, significantly [29]. However, no pronounced qualita-
tive difference between the normalized curves is visible, apart
from the larger critical temperature 7. of the grAl thin films
compared to pure Al The relative width of the dis-
tributions ay,,/(I%,), in contrast, differs significantly for all
samples and its temperature dependence gives insight into the
phase dynamics in the micro-SQUIDs. The Al SQUID shows
the expected temperature dependence of oy, for switching
events that are triggered by a single escape of the phase
particle across the potential barrier: at low temperatures,
temperature independent MQT of the phase particle through
the barrier dominates the escape, resulting in a constant width
of the switching current up to 300 mK. Above this temper-
ature, the contribution of TA to the escape events surpasses
that of MQT and the width increases due to the increasing
thermal fluctuations. In the regime of TA, the temperature
dependence of the switching current distribution is given by

O o TV L (T) 71, 3

with « depending on the current-phase relation of the
Josephson junctions [17] (v = 3/2 for a sinusoidal current-
phase relation). At temperatures close to the critical temper-
ature, the increase of oy, is larger than expected from (3), by
up to a factor of two. We attribute this deviation to small
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Figure 4. (a) Measured /-V curves of sample grAl B at selected temperatures. The arrows mark the sweeping direction of the respective
curve. After the initial switching of the junctions, the behavior is dominated by ohmic heating. (b) Zoom into the /-V characteristics at
temperatures ranging from base temperature to 1.7 K. At temperatures above 1.3 K, we detect an increase in the voltage before the jump of

the SQUID to the resistive state, indicative of phase diffusion.

temperature fluctuations of less than 1 mK in our experiment,
which artificially broaden the distribution.

For the grAl samples we observe a fundamentally dif-
ferent behavior of o, with temperature. For sample grAl A,
oy first increases, then decreases starting from 900 mK and
saturates above 1.3 K. The width of the measured distribu-
tions of sample grAl B and grAl C decreases starting from the
lowest measurement temperature and remains almost constant
above 1 K. A similar temperature dependence of the width
has been reported for different kinds of Josephson junctions in
[18-20] and was attributed to a diffusive motion of the phase
particle through the potential, before the junctions switch to
the resistive state. This is referred to as phase diffusion.

3.3. Phase diffusion

The diffusive motion of the phase particle in the junction or
SQUID potential is a result of multiple consecutive escape
and retrapping events. In the phase diffusion regime, a single
escape of the particle does not necessarily lead to a switching
of the junction to the resistive state. Evidence for phase dif-
fusion can be found in the decrease of the switching current
distribution width with increasing temperature. The reduction
of the width occurs as escape events at lower bias currents are
more likely to be retrapped and thus less likely to lead to a
switching event [38]. As the temperature increases, the
retrapping probability for the escaped particle also increases
and the width further decreases.

Although a decreasing critical current also leads to a
reduced distribution width [17], the dependence of o, on I in
(3) is insufficient to explain the measured curves in figure 3(b)
and does not result in the saturation of oy, at temperatures
close to T;.. In contrast, the measurements are qualitatively
similar to the results obtained by Fenton and Warburton [38]
from Monte Carlo simulations on moderately damped
Josephson junctions (quality factor Q = 7), assuming a finite
retrapping probability in the regime where the escape prob-
ability is non-zero. The simulations not only describe the

decrease of the width with increasing temperature but also
reproduce the relatively constant o, for temperatures close
to T..

In figure 4(a), we depict selected I-V curves of sample
grAl B, measured at three different temperatures. After the
switching to the resistive state occurred, heat propagation
turns large parts of the sample, including the leads, into the
normal state, as can be deduced from the measured resistance
(~31k), which is much larger than the estimated normal-
state resistance of the geometric constrictions (~4 k2). After
the maximum bias current is reached, the current is con-
tinuously decreased to zero. Several steps in the down sweep
indicate that different parts of the sample progressively
become superconducting again. As a consequence, the mea-
sured current at which the voltage drops back to zero is not
the intrinsic retrapping current of the SQUID, which is
determined by the damping of the phase particle, but is rather
defined by the thermalization of the circuit. This is also
confirmed by the fact that the measured retrapping current is
independent of the applied magnetic field (not shown) [39].

In addition to the data presented in figure 3(b), further
evidence for the presence of phase diffusion in the higher
resistivity grAl films can be found in the zoom-in of the
measured /-V curves shown in figure 4(b). Phase slips,
individual jumps of the superconducting phase by 2, that do
not lead to a switching event, only slowly change the phase
across the junction and are therefore not detected as a sharp
step in the I-V characteristic. If the phase slip rate is suffi-
ciently high before the switching of the junction, a small but
continuous increase of the voltage can be detected. The effect
was previously reported, among others, by Sahu et al in a
superconducting nanowire junction [40] and is also observed
in our measurements. At temperatures above 1.2 K, we
measure a small increase of the voltage before the SQUID
switches to the resistive state. From the maximum voltage
measured right before the switching event, which is roughly
50 uV at 1.7 K, a phase slip rate of ~2 x 10'° phase slips per
second can be calculated. This is in good agreement with the
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plasma frequency of 70 GHz predicted and measured for a
similar grAl film with a resistivity of 3000 uf2 cm [6]. The
lack of detectable voltage tails at lower temperatures can be
explained by a reduced phase slip rate, which only leads to a
voltage drop smaller than the experimental noise. The
reduction of phase slips might be due to a smaller retrapping
probability and hence switching at smaller bias currents.

The experimental results obtained from the switching
current measurements suggest the presence of phase diffusion
in grAl micro-SQUIDs. For high resistivity films, phase dif-
fusion is present starting from the the lowest measurement
temperature, while sample grAl A with a lower normal-state
resistivity shows a crossover between a regime without and
with phase diffusion. The absence of switching events from
excited states in the SQUID modulation is in accordance with
the observed phase diffusion. As soon as multiple escapes are
necessary to trigger the switching of the SQUID, the
switching event always occurs from the ground state of the
SQUID potential. Therefore, no excited flux states are visible
for sample grAl B and grAl C and they disappear at the
crossover temperature for sample grAl A, although 3 > 1
for all grAl SQUIDs.

We suggest two possible explanations for the onset of
phase diffusion in the high resistivity samples. One reason
might be a change of the quality factor O = w,RC of our
SQUIDs, where R and C account for dissipation and shunt
capacitance of the SQUID, respectively. From measurements
presented in [41] we know that the plasma frequency of the
high resistivity samples is in the range of 50-75 GHz, well
below the spectroscopic gap of grAl. Therefore, the fact that
these films show increased dissipation compared to sample
grAl A and pure Al, for which the plasma frequency is above
the spectroscopic gap, is intriguing, as quasiparticle excita-
tions should be diminished for the high resistivity samples.
However, the value of R (in the RCSJ model) could poten-
tially be strongly influenced by the increased amount of oxide
in samples grAl B and C. Concretely, at the plasma frequency
the quality factor will be susceptible to the intrinsic loss
tangent of the aluminum oxide in between the Al grains.
Precise information about the value of Q and the origin of
increased dissipation requires further investigations, such as
direct microwave spectroscopy at the plasma frequency or
local scanning microscopy. The other possible reason for the
observed phase diffusion is an additional damping mechanism
at frequencies comparable to w,, originating from strongly
coupled and dissipative environmental modes (such as box
modes). The increased density of plasmon modes in high
resistive samples already reported in [6] could increase the
coupling to these environmental modes.

4. Conclusion

We measured the switching currents of grAl micro-SQUIDs
to investigate the phase dynamics in constrictions made of
grAl thin films of various normal-state resistivities. The
switching current modulation with applied magnetic field is
reduced and shows a triangular shape, due to the large kinetic

inductance in the SQUID loop. The measured temperature
dependence of the switching current distribution widths
suggests the presence of phase diffusion of the SQUID
junctions for high resistivity films. In these samples, a mea-
sured increase of the voltage in the I-V characteristic of the
SQUID before switching to the resistive state further supports
the presence of individual phase slips, leading to phase
diffusion.

Our results might indicate the presence of increased
dissipation at frequencies comparable to the plasma frequency
for the most resistive films, which could originate either from
intrinsic losses in the aluminum oxide barriers between the Al
grains, or from stronger coupling to dissipative environmental
modes. These films are particularly attractive for high impe-
dance quantum electronics [15]. Determining the exact
mechanism responsible for phase diffusion requires additional
work, such as high frequency microwave spectroscopy [42],
local probing using scanning tunneling microscopy or ter-
ahertz reflectometry [43].
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Appendix

In figure A1 we show the histograms and derived escape rates
[27] for the Al SQUID and for sample grAl B. The histo-
grams illustrate the dependence of o, on temperature and the
large oy, / (I )-ratio of the grAl samples in comparison to the
Al SQUID.

The escape rate in the RCSJ model is given by

Up(1 — I/1)*

U, T) =Tyl —I/1.)°exp| —
(I, T) = I( /1) p( KT

), (A1)

where I is the attempt frequency and U, the potential barrier
at zero applied bias current, both depending on 7. The
exponents « and (3 depend on the current-phase relation
(CPR) of the junction. Note that « here is the same parameter
as in (3). Fitting the extracted escape rates with different sets
of v and [ representing different CPRs and evaluating the
quality of the fit can indicate the junction’s CPR [44]. We
performed fits of the Al SQUID data for both a sinusoidal
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Figure A1. (a) Measured switching current histograms of the Al SQUID. (b) Dots show the escape rates extracted from the measurements in
(a). Lines are fits to the data according to (A.1), using a sinusoidal CPR. (c), (d) Same as (a) and (b) for sample grAl B. As only multiple
escapes lead to a switching event of sample grAl B, the data in (d) cannot be fitted with (A.1).

CPR (o = 3/2 and 8 = 1/4), which we would expect for
tunnel junctions and constrictions with a coherence length
much larger than the constriction length, and for a sawtooth-
like CPR (o =1 and (= 0), which is expected for con-
striction junctions with & much smaller than the constriction
length [21]. We find good agreement only for the sinusoidal
CPR, which is expected for the Al SQUID due to the rela-
tively long coherence length, as already discussed in the main
text. In the case of the grAl SQUID, we cannot apply (A.1) to
fit the data, as a single escape of the phase particle does not
lead to a switching event of the SQUID due to phase diffu-
sion. The proper description of the derived escape rates would
require simulations, including detailed knowledge about the
intrinsic properties of the junctions, such as the magnitude of
damping or the intrinsic retrapping current, which are both
not accessible in our current experiments.
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